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The presence of minute quantities of oxygen (in the range below 
lo- 19 atm.) in the atmosphere over molten si l icon-ceramic substrate sys-
tems is shown to have a marked effect on the wetting properties of the 
silicon, with greater wetting occurring for lower oxygen partial pressures. 
Higher oxygen partial pressures also result in a greater degree of degra-
dation of the silicon-substrate interfaces. 
Measurements of oxygen partial pressure in silicon ribbon production 
furnaces showed oxygen levels much greater than the silicon- silicon 
dioxide equilibrium values, indicative of non-equilibrium processes. 
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INTRODUCTION 
In the process of producing silicon ribbons and sheets for solar 
cells directly from molten silicon by the ad~anced techniques of the LSA 
program, molten silicon is in intimate contact with die, container, and/or 
substrate materials. The initial purpose of the University of Missouri -
Rolla (UMR) investigations was to determine the degree and nature of the 
interaction between mo l ten silicon and various advanced ceramic materials, 
w i t h a v i e w toward i dent i f y i n g t hose rna t e r i a 1 s t h a t w o u 1 d h a v e v e r y l i t t ·1 e 
interaction with the molten silicon. This includes minimum contamination 
of the silicon by the ceramic material so the electronic properties of the 
silicon formed in the process would be preserved, and minimum erosion and de-
gradation of the ceramic material, so the need for replacing the die and 
container would be infrequent. A careful determination of the degree to 
which molten silicon would wet the solid ceramic surfaces and the understand-
; n g o f the at m o s p her i c con d i t i o n s w hi c h a r e c a pa b l e o f c hang i n g a n d co n t ro 11 -
ing the degree of wetting have been primary goals of this work. 
The procedure used to measure the molten silicon - solid substrate 
interaction was the sessile drop experiment, where small (7 mm) cubes of 
transistor grade silicon (100 ~-em resistivity) were placed on samples of 
the ceramic substrates to be investigated . The silicon was melted and 
profile photographs of the resulting drop were taken periodically over the 
duration of the experiment, typically 8 hours. The contact angle the molten 
silicon made with the substrate material was measured from projected images 
2 
of the photographs, and correlated with the oxygen partial pressure 
(p02) in the furnace atmosphere. 
After coolin9 the sample to room temperature, it was removed from 
the furnace and sectioned so the silicon-substrate interface could be in-
spected with a microscope and the degree of degradation of the interface 
determined. 
Several items of interest were observed: 
1. For all substrates tested, sessile drop contact angle increased 
with increasing oxygen partial pressure as the p02 of the furnace 
atmosphere approached the silicon - silicon dioxide equilibrium 
oxygen partial pressure (1.55 x lo- 19 atm. at the silicon meltinq point). 
2. The degree of degradation of the silicon - substrate interface 
also increased with increasing oxygen partial pressure over 
this range. 
3. There was less interaction between the silicon and the substrate 
when all surfaces were permitted to equilibrate with the extremely 
low oxygen partial pressure of the furnace atmosphere prior to 
melting. 
Consideration of the above observations, together with the data 
obtained on specific materials, lead to the conciusion that for minimum 
interaction, the atmosphere over the melt should contain as little oxygen 
as possible. 
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However, in systems which contain carbon or carbonaceous species, 
some oxygen is desirable to minimize the carbon related defects in the silicon 
crystals produced. 4 . The results of the study indicate that an oxygen-carbon 
balance is necessary to minimize the carbon and ·oxygen related defects in 
the solar cell crystals. Within the oxygen partial pressure range studied 
and for all substrates studied, the degree of substrate interaction with molten 
silicon varies widely depending on the sample type and process history. Those 
* materials showing the least degree of interaction were CNTD silicon carbide 
coated substrates and General Atomics fluidized bed silicon carbide coated on 
graphite. 
The observation regarding the desirability of low amounts of oxygen 
over the silicon melt lead to interest in measuring the oxygen partial pres-
sures in the furnace atmospheres of JPL contractors' silicon ribbon and sheet 
production facilities. The oxygen cells constructed at UMR for measuring 
oxygen partial pressure in sessile drop experiments were transported to 
the following locations for this purpose: Mobil Tyco Solar Energy Corporation, 
Waltham, Massachussets; Westinghouse Research and Development Center, Pittsburgh, 
Pennsylvania; Honeywell Corporate Materials Sciences Center, Bloomington, 
Minnesota; and Crystal Systems, Inc., Salem, Massachussetts. In each case, 
the oxygen partial pressure measured was much higher than the silicon -silicon 
dioxide equilibrium oxygen partial pressure. The non-equilibrium nature of 
* Controlled Nucleation Thermochemical Deposition, A CVD Variant Trademark 
of Chemetal Inc. (Now San Francisco Labs Division of Dart-Kraft Industries.) 
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the reactions taking place in these furnaces appears to have prevented the 
high oxygen concentration from adversely oxidizing the silicon ribbon and 
sheet produced. (See discussion on page 30.) 
SILICON SESSILE DROP EXPERIMENTS 
When molten silicon is in the presence of oxygen at the silicon melt-
ing temperature of 1412°C or above, there are two possible reactions: 
Si(l) + o2(g) = Si02(s), 
2Si(l) + o2(g) = 2Si0(g)! 
In each case, if the oxygen partial pressure is higher than the equilibrium 
value for that reaction, the reaction will proceed to the right. In these 
experiments, any SiO gas evolved would be carried away in the constant con-
trolled flow of atmosphere over the molten silicon, and not affect the 
contact angle measurements. However, this is not true for the reaction in 
which Si02(s) is produced. Being another condensed phase, it would remain 
with the molten silicon and interfere with the measurements of molten silicon-
substrate contact angles. Thus it would be desirable to force this reaction 
to the left by maintaining the oxygen partial pressure below the equilibrium 
value of 1.55 x lo- 19 atm. for this reaction. 
Experimental Set-up 
In order to obtain oxygen partial pressures this low, a flowing buffer 
gas consisting of hydrogen containing small amounts of water vapor was used. 
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By immersing the copper tubing carrying the flowing hydrogen gas into a 
liquid nitrogen bath, water vapor can be condensed, leaving as little as 3 
parts per million of water vapor in the flowing hydrogen which corresponds 
to an equilibrium oxygen partial pressure at the silicon sessile drop tempera-
( 0 ) -21 ture 1430 C of 4 x 10 atm. for the reaction 
2H 2 + 02 = 2H20. 
On the other extreme, a higher oxygen partial pressure can be obtained by 
bubbling hydrogen through room-temperature water, thus saturating the hydrogen 
flow with about 3% water vapor, corresponding to an equilibrium oxygen partial 
0 -13 pressure at 1430 C of 4 x 10 atm. By mixing a chilled H2 flow with a satu-
rated H2 flow in varying proportions, any oxygen partial pressure between these 
two values can be obtained. In practice, since the desired oxygen partial pres-
sure was usually below lo- 18 atm., no saturated line was required. 
In order to precisely measure the oxygen partial pressure during the 
sessile drop experiments, an oxygen detector was constructed, consisting of 
a thoria - 7 wt. % yttria solid electrolyte cell, as shown schematically in 
Figure 1. This cell, capable of measuring oxygen partial pressures over the 
entire p02 range of the hydrogen buffer gas mentioned above, was operated at 
1000°C with the corresponding p02 over the sessile drop at l430°C calculated 
thermodynamically. The oxygen cell was placed upstream of the sessile drop 
furnace so that the p02 of the buffer gas impinging on the sessile drop would 
be known. p02 measurements made downstream of the furnace did not show signifi-
cant departures from the upstream values provided the p02 was below the equi-
librium value for the formation of Si02. The linear flow rate of the buffer 
gas over the sessile drop was adjusted to be about 1 cm/s, to assure that it 
would be in equilibrium with the molten silicon. 
heater 
feed- th rou9hs 
6 
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Figure 1. Schematic diagram of the UMR solid electrolyte 
oxygen partial pressure sensor cell. 
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The procedure for ma~ing the sessile drop measurements was to insert 
the polished ceramic substrate to be tested into the hot zone of the sessile 
drop furnace with a 7mm cube of transistor grade (~100 n-cm resistivity) 
silicon on it. The furnace was a molybdenum wire wound tube furnace capable 
of reaching temperatures up to 1700°C, with a 40-inch long by 1.5-inch diameter 
alumina muffle tube. The tube ends were capped with gas-tight view ports hav-
ing fittings for admitting the buffer gas at 1 atm. total pressure. The sample 
could thus be viewed from either end of the tube during· the experiment, allow-
ing photographs to be taken from one end while the temperature was monitored. 
from the other end with an optical pyrometer. 
After the silicon melted, the resulting sessile drop profile was photo-. 
graphedperiodically over the duration of the experiment, usually 8 hours. 
From the photographic negatives, slides were made so the contact angle between 
the sessile drop and the solid substrate could be measured as a function of 
time from the enlarged projected images. 
After each experiment, the cooled sample was removed from the furnace, 
sectioned, and polished so the silicon - substrate interface could be inspected 
111icroscopically. 
Interfacial Interaction Results 
As shown in Figure 2 of an early silicon on silicon carbide experiment, 
there was a region of the interface that was relatively clear of signs of 
silicon attack, and a region that showed considerable attack indicating 
non-uniform interaction between the silicon and the substrate. It was 




Photomicrograph of polished sections of the silicon-
CNTD silicon carbide coating interface showing the 
abru~t change from practically no interaction on the 
left side to appreciable interaction on the right 
beginning precisely at the position of the original 
silicon cube edge after a l700°K anneal at p0 2 = 1.8 x lo-20 atm. (75X) 





of the un-melted silicon cube, while the region of little interaction was 
where the silicon flowed after melting. This suggested that the interaction 
might be reduced if the silicon were not in contact with the substrate until 
after the melt, thus allowing the adsorbed oxygen on all surfaces of the 
silicon cube and refractory substrate to come to equilibrium with the low 
oxygen partial pressure of the flowing hydrogen buffer gas prior to the melt. 
To accomplish this, a small fragment of silicon was used to prop up one edge 
of the silicon cube during heat-up, as shown in Figure 3. This resulted in 
restricting the interaction beneath the cube to the area under the silicon 
·fragment used to effect the tilt of the silicon cube. (Figure 4.) 
This indicates that all surfaces, including those of the container 
or die, and solid silicon, must be depleted of adsorbed oxygen by equilibra-
tion with the low oxygen partial pressure of the melt environment before 
melting to minimize the interaction between the molten silicon and any solid 
refractory material which it contacts. All subsequent experiments were per-
formed using the technique of tilting the silicon cube during heat-up. 
The tontact angles of molten silicon on three CNTD coated refractory 
materials were measured as a function of time: silicon carbide, aluminum 
nitride and silicon nitride. All coatings were of the same nominal chemical 
composition as their hot-pressed substrates. Microscopic examination of the · 
interface regions of the sectioned samples of each material showed that the 





Experimental configuration of silicon tube to allow all 







Results of tilt experiment showing interface degradation 
only at position of silicon fragment. (75X) 
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As can be seen from the graphs in Figure 5, the contact angles 
(at a given time after melt) are smaller for lower oxygen partial pressures. 
A theory which relates the contact angle to the adsorbed oxygen population, 
i,n agreement with these data, and which constitutes ~ novel approach to the 
1 2 
evaluation of solid surface energies has been proposed ' Following is a 
summary of the theory. 
Theory Relating Sessile Drop Co~tact Angle to Surface Free Energies 
According to the Gibbs adsorption isotherm, the number of adsorbed 
atoms per unit area of the ith spec i es is related to the interfacial free 
energy and the chemical potential of the species by: 
where y = interfacial free energy, 
~· = chemical potential of the adsorbed species, 
1 
r. = number of adsorbed atoms per unit area. 
1 
( 1 ) 
For an ideal gas, d~. = d(kT ln p.), where p. is the partial pressure 
1 1 1 
of the species. For the present theory, oxygen can be considered an ideal 
gas~ since it is extremely dilute at the oxygen partial pressures of interest. 
For oxygen we have: 
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Figure 5. Contact angle vs time and oxygen partial pressure for silicon 
sessile drop experiments on CNTD coatings. 
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ay sv 
= ~ kTr (2) 
a(ln p02)T 0 
where r is the number of adsorbed oxygen atoms and Ysv is the solid-vapor 0 
surface energy. The factor of one-half appears because the oxygen exists 
in the gas phase as a diatomic molecule, but is adsorbed on the solid surface 
atomically. Integrating (2) from p02 = 1 atm. to some small value of p02 
gives 
y = -~ kTr
0 
d(ln p02) sv 
(p02 = 1 atm.) 
(p02 ) -~ kTr 1 n p02 (3) = - ~ kTr ln y--f = o a 111 · 0 
The solid-yapor interfacial free energy, Ysv is related to the contact angle 
e, by The Young Equation: 
(4) 
where yls and Ylv are the liquid-solid and liquid-vapor interfacial free 
energies, respectively. 




The liquid-solid interface is not exposed to the gaseous environment after 
melt so yls should not be directly affected· by the p02 in the atmosphere. 
Assuming all surfaces and the bulk silicon are in equilibrium with the p02 
o f the a tmo s p here , the r a t e a t w h i c h S i a n d S i 0 1 eave the 1 i q u i d s u r. fa c e i s 
greater than the rate at which oxygen impinges on the liquid surface so no 
adsorbed oxygen population is established on the liquid surface, and there-
fore ylv is constant and independent of p02• Under these assumptions, and 
at a constant temperature, equation (5) becomes a linear equation of cos e. 
The value of r can thus be calculated from the constant slope 
0 
of the cos 8 vs ln p02 plot. 






This value can then be substituted into equation (3) to give a relationship 
between y and 1 n p0 2• sv 
= ( -!;; kT ) (-
2
;;lv ) l.n p02 y sv 
Ysv = M y 1 v ln p02 ( 7) 
The value of the liquid-vapor surface energy (or surface tension) of silicon 
can be evaluated by a variety of methods, ~o equation (7) should uniquely 
determine the solid-vapor surface energy of the substrate at any oxygen 
partial pressure if the slope of the cos e vs ln p02 plot has been determined. 
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The fact that for a given material, the lower the oxygen partial pres-
sure then the lower the degree of interfacial interaction and the lower the 
contact angle will be suggests that for a given substrate the contact angle 
may be used as an indicator of both the quantity of adsorbed oxygen on the 
solid surfaces(s) and the degree of interaction to be expected under a given 
oxygen partial pressure. 
Effect of Pre-Melt Hold Time 
It was believed that the decreasing contact angle with time as seen in 
Figure 5, occurred because of a continuing decrease of the solid-vapor surface 
energy as the adsorbed oxygen popula t ion continued to decrease with time to-
ward the equilibrium value. Because of the extremely low oxygen pqrtial 
pressures of interest, considerable time at the me1t temperature may be re-
quired for the adsorbed oxygen of all the surfaces to reach equilibrium with 
the oxygen partial pressure in the buffer atmosphere. Allowing the surfaces 
additional time to equilibrate before melting the silicon would reduce the 
subsequent interaction and allow the contact angle to reach a stable value 
more quickly. 
To confirm this possibility, two experiments were performed. The 
first of these was carried out with the same heat-up cycle used in all 
previous experiments with no pre-melt hold time. The second experiment had 
a .3-hour pre-melt hold time just below the silicon melting temperature. This 
was to allow the adsorbed oxygen population on all surfaces to reach equili-
brium with the p02 in the furnace atmosphere prior to melt. These sessile 
drop experiments were carried out on samples of Kawecki-Berylco (KBI) hot 
. pressed silicon nitride, with the results shown in Figure 6. The upper 
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graph of contact angle versus time represents the first experiment with 
the normal heat-up cycle. The typical high initial contact angle followed 
by a sharp drop before le~eling to a much lower rate of decrease is apparent. 
In the second experiment where the sample was maintained at just below the 
silicon melting temperature for 3 hours prior to melting, the initial con-
tact angle is much smaller and is not followed by the sharp decrease observed 
in the previous experiments and reaches a low constant rate of decrease more 
quickly. 
It should be noted that this hot pressed silicon nitride was not as 
·resistant to corrosive attack by molten silicon as was the previously 
mentioned high density coated samples. Experiments to further study the 
effect of pre-melt hold times on a high density silicon carbide coating were 
carried out on General Atomics silicon carbide coated graphite. The results 
of these experiments (Figure 7) show that the variation of contact angle 
with time for this material was virtually eliminated using a one-hour pre-
melt hold time. 
These experiments have demonstrated that the adsorbed oxygen population 
on the substrate interfaces is responsible for the magnitude of the sessile 
drop contact angle, the variation of the contact angle with time, and the 
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,Figure 7. Contact angle vs time for silicon on General 
Atomics silicon coated graphite after one-hour 
pre-melt hold time: a) p0 2 = 3 x 10-20 atm., b) p02 = 2 x lo-21 atm. 
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Results of Experiments on Other Substrates 
As might be expected, the interaction of silicon with refractory -
materials varies widely even between those having the same chemical composi-
tion. For example, sessile drop experiments were carried out on samples of 
silicon carbide coated graphite supplied by Ultracarbon. The molten silicon 
penetrated through voids or cracks in the silicon carbide coating and spread 
out underneath the coat ·tng into the porous graphite. This type of material 
is not able to contain molten sil_icon without modification prior to or during 
exposure to molten silicon. 
Sessile drop experiments on Battelle ~ Sialon also failed but for a 
different reason. In experiments where the sample was held just below the 
silicon melting temperature for a period of time to allow surfaces to reach 
equilibrium prior to melt, the silicon cube never formed a drop shape even 
for temperatures well above the silicon melting te~perature. When the experi~ 
ment was carried out without the pre-melt hold time a drop was formed having 
a contact angle greater than 90°. In every case when the system was cooled 
below the silicon melting temperature, liquid silicon (which expands on 
solidifying) was observed to protrude from the cooling drop as if breaking 
through a skin. When the silicon was examined with a scanning electron micro-
scope, it was found that there was indeed a 11 Skin 11 present having a high con-
centration of calcium as established by non-dispersive X-ray analysis. Calcium 
is present in only very small bulk concentration in ~ Scalon as an impurity. 
However, it has been reported to migrate to grain boundaries and surfa~es 
in quite high concentrations 3, which appears to be the case in these experim~nts. 
20 
Another material that was tried as a substrate in silicon sessile 
drop experiments was fused silica. In every case devitrification took place 
in the fused silica, rendering it undesirable to attempt further experiments 
with this material .1 
Finally, experiments were performed on hot-pressed silicon nitride 
supplied by AVCO and Kawecki-Berylco (KBI) from which some valuable informa-
tion was obtained. The contact angle data for the AVCO samples compared 
favorably with the data for the CNTD silicon nitride coated samples, bu~ the 
KBI samples gave contact angles that decreased much more rapidly (Figure 8), 
this being indicative of a greater degree of interaction bet~een molten silicon 
and the KBI silicon nitride substrate. 
MEASUREMENT OF OXYGEN PARTIAL PRESSURE IN JPL LSA 
CONTRACTOR•s SILICON SHEET AND RIBBON PRODUCTION FACILITIES 
The silicon sessile drop experiments at UMR just described indicate 
that, under equilibrium situations, the presence of oxygen can enhance the 
degree of interaction between molten silicon and refractory materials. Thus 
it was desirable to investigate the conditions of oxygen partial pressure in 
the silicon sheet and ribbon furnaces of some JPL contractors. 
Mobil Tyco 
The Edge Defined Film Fed Growth (EFG) silicon ribbon furnace at 
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Figure 8. Contact angle vs time for silicon on silicon nitride: 
a) KBI hot pressed with 3 hour pre-melt hold; b) KBI 
hot pressed without pre-melt hold; c) AVCO hot pressed 
with one hour pre-melt hold; d) CNTD coated with one 
hour pre-melt hold. 
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a flow of argon, which was permitted to escape through various openings, 
including the ribbon exit slot, into the atmosphere. Because of these open-
ings to atmosphere, there was not sufficient positive pressure in the furnace 
to force the gases into the UMR oxygen cell for sampling. It was necessary 
to draw the furnace gas sample through the oxygen cell by a pumping on the 
sample gas exhaust line of the cell (refer to Figure 1). The. sampling rate 
was about 120 cc/min. 
A measurement of the oxygen partial pressure in the cold EFG furnace 
was made with the silicon ribbon exit slot covered, giving a p0 2 of about 
-7 * . 1.6 x 10 atm. When the exit slot was opened to the operating configuration, 
-7 p0 2 increased slightly to 4 x 10 atm., indicating some backstreaming of 
oxygen into the furnace via the s i licon ribbon exit slot. 
With the furnace at temperature, the p02 was measured at various 
locations within the furnace and with various purge rates. The measured 
oxygen partial pressures varied only slightly around 8 x lo-13 atm. 
Westinghouse 
The Westinghouse Research and Development Center (Pittsburgh, Pen-
nsylvania) silicon WEB furnace was purged with argon which had the very low 
p02 of lo-
12 
atm. The reason this value is so much below that obtained on 
other argon samples is not known. It may be because the Westinghouse argon 
*All p02 values are as measured at 1000°C in the oxygen cell, without any 
effort made to translate these values to a corresponding p02 at the tempera-ture of the silicon furnaces. An analysis of the changes in pO between the 
silicon furnaces and the oxygen cell will be presented in a following section 
of this report. 
23 
purge gas supply was produced on location from the boil-off from a dedicated 
supply which proved to be much cleaner than commercially available argon. 
A schematic diagram of the manifold distributing sample gas to the 
oxygen cell is shown in Figure 9. Several factors combined to cau~e the 
reaction time of the oxygen cell to be very long. First, the sample gas was 
attached to the slow flow rate side of the cell (c.f. Figure 10) and second, 
the copper tubing line from the furnace to the cell was quite long--about 5 
meters. Thus, it took from 5 to 15 minutes for any changes in the sampled 
gas to reach the detector. 
The p02 readings of gas sampled from the cold furnace, essentially the 
-12 argon purge gas, were quite stable at around 10 atm. To check the opera-
tion of the oxygen cell , _the manifold was o~ened to air · for 5 minutes, then 
hooked back to the furnace sample line. The cell responded 10 minutes after 
the manifold was opened to air, the p0 2 rising to nearly 10-
2 atm., as shown 
in Figure 11. 
When the furnaces were sampled under operating conditions, a baseline 
p0 2 of lo-
12
·
5 atm. was obtained with not more than a 0.5 variation in log 
p02 for changes in purge gas flow rate or between the two furnaces. 
Honeywe 11 
The oxygen cell used in the measurements made at Mobile Tyco and West-
inghouse, as well as the sessile drop experiments at UMR, utilized a thoria-
yttria solid electrolyte sensing element. Since the p02 measured in the EFG 
and WEB furnaces was much higher than the values that· would require the thoria-
House Argon Supply Air 
from RE furnace __ _, 
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Oxygen Cell ~~--Hoase 
Figure 9. Schematic diagram of sample gas manifold 
to the oxygen cell for the Westinghouse 
WEB furnace p02 measurements. 
Vacuum 
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yttria element, for the Honeywell Corporate Material Science Center 
(Bloomington, Minnesota) furnaces it was decided to use an oxygen cell uti-
lizing an yttria stabilized zirconia element, which has quite adequate 
sensitivity in the expected p02 ranges, is much less costly, and is less 
subject to thermal cycle damage. 
There were two silicon furnaces to be tested at the Honeywell facility . . 
* ' The argon purge lines to both were tested, with the supply to the SCIM coater 
-6 having a p0 2 of l x 10 atm., and the supply to the DIP coater, being .some 
-5 . 
distance farther from the main argon supply, having a p0 2 of 1.6 x 10 atm. 
As shown in Figure 12, the baseline pO ., of the SCIM coater atmosphere 
L 
at operating temperature is about lo- 16 atm., with this increasing to as much 
-14 
as 10 atm. as various operations take place, such as adding dopant or more 
silicon to the silicon feed trough, or opening and closing the entrance and 
exit gates as the ceramic substrate being coated passes through the furnace. 
-16 For the actual coating process, the p0 2 varied between 1 x 10 atm. and 
5 x lo- 15 atm. 
In the DIP coater, the p0 2 increased during heat-up from the value 
obtained for the argon purge gas supply to about 1 x 10- 3 atm., indicating 
much outgassing of oxygen from the interior of the furnace ·during this time ·. 
The baseline p02 _of the DIP coater atmosphere at operating temperature is 
about 3 x 10- 16 atm., and the p02 varied between 10-
15 and lo- 13 atm. as 
shown in Figure 13. 
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The Heat Exchange Method (HEM) furnace at Crystal Systems, Inc. 
(Salem, Massachussetts) differed from the other contractor 1 S furnaces 
investigated in that it operated under vacuum, where the other furnaces 
operated at one atmosphere total pressure of argon purge gas. Since it 
would have been impractical to attempt to draw samples of gas from the 
furnace into the oxygen cell under these conditions, the yttria stabilized 
zirconia sensing element was removed from the oxygen cell and installed . 
directly in the Crystal Systems HEM furnace. In previous measurements, 
the oxygen cell was never operated at a temperature higher than 1000°C, 
but in the HEM furnace the cell temperature reached 1312°C in vacuum. As 
the furnace was heated, the oxygen sensor operated well, giving an oxygen 
partial pressure of 2 x lo- 15 atm. at 1000°C and 25 microns total pressure, 
but as the temperature continued to increase the oxygen cell signal deteriorated. 
Subsequent examination of the sensing element showed that the platinum electrodes 
on the outside end of the zirconia tube had deteriorated, and any readings at 
temperatures higher than l000°C were considered unreliable. 
Discussion of Non-Equilibrium Chemistry 
In each of the JPL contractor's furnace systems with the exception 
of the Westinghouse Web furnace, there are large amounts of hot graphite 
d u r i n g o per a t i on t h a t c a n be com b i ned w i t h oxygen 11 i m pur i t i e .s 11 i n the fur n a c e 
atmosphere to reduce the p02. 
When an inert purge gas such as argon or helium having an oxygen 
impurity level of between one and one hundred parts per million (ppm), 
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-4 -6 corresponding to oxygen partial pressures between 10 atm. and 10 atm., 
comes in contact with excess carbon at about 1430°C, the following -reaction 
occurs: 
2C + 02 = 2CO. 
If the purge gas flow rate is sufficiently slow and if all of the gas comes 
in intimate contact with the hot carbon such that equilibrium is established, 
then almost all of the oxygen will be converted to CO. The equilibrium .oxygen 
partial pressure for the above reaction at 1430°C is lo- 16 atm. which appears 
in the exit gases of the furnace. However, if the gases do not come to equi-
librium with the hot carbon, either because the flow rate is too high for . 
the gases to reach the temperature of the carbon, or because all of the gas 
does not come in intimate contact with the hot carbon, then equilibrium would 
not be established and significant amounts of unreacted oxygen would appear in 
the exit gases, resulting in a higher p02 and a lower pCO in the oxygen cell. 
This non-equilibrium behavior is in qualitative agreement with the CO meas~re-
ments made on the gases in the Mobil Tyco EFG silicon ribbon furnace by the 
Kitagawa cell method simultaneously with the oxygen partial pressure measure-
ments. With a high (10 liter per minute) argon purge rate, the CO concentration 
was less than 30 ppm, but this increased to over 100 ppm when the purge rate 
was dropped to 2 liters per minute, as would be expected nearer equilibrium 
conditions. 
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The analysis of the p02 data f rom the oxygen ~ell when sampling gases 
from a furnace such as that described above, where there is an excess of hot 
carbon present with which the oxygen in the purge gas may or may not reach 
equilibrium, may be made in the following way. 
Consider Z parts per mill-ion of oxygen entering a silicon furnace at 
1430°C as an impurity. A fraction X of the impurity oxygen forms 2XZ parts 
CO with the furnace graphite according to the equation 
(2XZ)C + (XZ)02 = (2XZ)CO, 
leaving Z(l-X) parts of the 02. unreacted. The non-equilibrated mixture qf 
Z(l-X) parts o2 and 2XZ parts CO enters the oxygen cell and equilibrates at 
l000°C. 
I. If X< 0.5 (high purge rate), then 
(2XZ)CO + (XZ)02 = (2XZ)C02, 
leaving Z(l-2X) parts 02 unreacted. That is, 
P02 = Z(l-2X) x 10-
6 atm. 
II. If X> 0.5 (low purge rate) then all but a very small fraction, 6, 
of the CO will be converted to co2 and we have 
Z(2X-6)CO + Z(l-X)02 = Z(2X-6)C02, 
leaving 6Z parts CO unre~cted. For balance we require that 
Z(2X-6) = 2Z(l-X), or 
8 = 4X-2. 
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The CO/C02 ratio is then 
The oxygen partial pressure corresponding to this CO/C02 ratio at l000°C 
is 
( 
1-X) 2 6.G _ ( 1-X ) 2 -15 P02 = 2X-l exp RT- , 2x-=-r (7.67 x 10 ) atm. 
A plot of oxygen partial pressure vs 100(1-X); i.e, the percent of o2 un~ 
reacted in the silicon furnace, is shown in Figure 14, and the situation for 
three levels of purge rate, showing the corresponding o2, CO, and co2 concen-
tration changes during the sampling process is presented in Figure 15. 
It will be noted from Figure 14 that for high purge rates, resulting in 
a large percentage of unreacted oxygen in the furnace, the measured p02 is 
controlled by the oxygen partial pressure of the purge gas, while at low purge 
rates the measured p02 is controlled by the amount of CO produced when ·the 
oxygen reacts with excess carbon in the furnace. 
The results of measurements made at Mobil Tyco, Honeywell, and Crystal 
systems where hot carbon is present in the furnaces yielded oxygen partial 
pressures in the range l0- 12 atm. to lo-16 atm. as measured at the oxygen cell, 
corresponding to between 10% and 50% of the oxygen in the argon purge gas 
supply remaining unreacted with the furnace graphite before being sampled. 
Although the p02 in the furnace atmosphere could be reduced by reducing 
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Figure 14. Graph of Log p02 as measured at 1000°C in the oxygen cell versus pertent o2 contained in purge gas that passes through the silicon furnace with-
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to reduce the carbon content of the silicon melt, thus reducing the carbon 
related defects in the solid silicon product. Simultaneous minimization of 
both oxygen and carbon related defects can be achieved by carefully control-
ing the oxygen partial pressure. 4 
SUMMARY AND CONCLUSIONS 
I. Sessile Drop Experiment~ 
All sessile drop experiments were conducted at 1 atm. total pressure 
-19 and oxygen partial pressures less than 1 x 10 atm. The materials investi- . 
gated for potential die and container applications in the present study fall 
into two categories; those upon which silicon melts, forming a sessile drop 
with an equilibrium contact angle, and those upon which a contact angle 
representing equilibrium between clean liquid silicon, the substrate, and 
the gaseous environment is not obtained. 
In the first category, representing those materials which exhibited the 
least interaction with and degredation by liquid silicon, were CNTD coated 
samples of silicon carbide, aluminum nitride, and silicon nitride (the hot · 
pressed base material in each case having the same nominal chemical composi-
tion as the coating), two varieties of hot pressed silicon nitride supplied 
by Kawecki Berylco (KBI) and AVCO, and General Atomics silicon carbide coated 
graphite. Of these materials, CNTD coated silicon carbide and the General 
Atomics silicon carbide coated on graphite appear to have the highest resistance 
to molten silicon attack, based on contact angle data and photomicrographs of 
the silicon-substrate interfaces. The fine-grained, dense coatings greatly 
reduce the degree of molten silicon attack compared to . uncoated hot pressed 
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samples of the same chemical composition. 
In the second category, those materials with which silicon did not form 
an equilibrium sessile drop, were (a) Dynasil high purity vitreous silica, 
which devitrified under the combined effects of slow heat-up and cool-down 
rates and the low oxygen partial pressure atmosphere; (b) Ultracarbon silicon 
carbide coated graphite, which was penetrated by the molten silicon, and (c) 
Battelle n Sialon, from which the calcium bulk impurity migrated to the molten 
silicon surface forming a ''skin'' which prevented an equilibrium contact angle 
between the clean silicon and the n Sialon from being achieved. 
Because of the high level of interaction between these materials and 
molten silicon, it appeared that they would not be as compatible die and 
container materials as those mentioned in the first category. 
II. Effect of Oxygen Partial Pressure on Molten Silicon-Ceramic Substrate 
Material Interactions. 
When the oxygen partial pressure in the atmosphere over a molten 
silicon-ceramic substrate system is maintained below the equilibrium p02 for 
the Si + 02 = s;o2 reaction at the melting temperature of silicon, the contact 
angle of the n1olten silicon on the substrate is lower for lower oxygen partial 
pressures, indicating ·an increase of the substrate interface energies due to 
removal of adsorbed oxygen. Also, the degree to which the molten silicon 
attacks the substrate is reduced when the oxygen partial pressure is reduced. 
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The degree of molten silicon-substrate interaction can be minimized by 
allowing all surfaces to reach equilibrium with the low p02 of the atmosphere 
just before the silicon melts. 
A determination of the solid-vapor surface energy of a given non-
. oxide ceramic material may be made from the slope of a cos 8 vs ln p0 2 plot, 
where 8 is the molten silicon-substrate contact angle and p02 is less than 
the equilibrium valuE for the formation of silica. 
III. Oxygen Partial Pressure Measurements at Other JPL Contractors 1 Silicon 
Ribbon and Sheet Production Furnaces. 
Measurements were made at four different contractor 1 s facilities: 
Mobil Tyco Solar Energy Corporation, Waltham, Massachussets; Westinghouse 
Research and Development Center, Pittsburgh, Pennsylvania; Honeywell Corporate 
Material Sciences Center, Bloomington, Minnesota; and Crystal Systems, Inc .. 
Salem, Massachussets. The results obtained at the Crystal System HEM facility 
were inconclusive because of failure of the oxygen sensor at high temperature 
under vacuum. The oxygen partial pressure in the silicon WEB furnaces at the 
Westinghouse facility was measured to be of the order of lo- 12 atm. which was 
essentially the . p0 2 of their argon purge gas. The p0 2 of the argon purge gas 
at the Mobil Tyco EFG facility and the Honeywell SCIM and DIP facilities was 
5 -7 . 
much higher; between 10- atm. and 10 atm. Because of the presence of hot 
graphite and the gas flow characteristics in these furnaces, equilibrium was 
not achieved between oxygen and the condensed phases of silicon and carbon. 
No serious adverse effects to the silicon ribbons were produced that could 
39 
be attributed to the high p0 2 present even though the baseline p0 2 as 
measured by the oxygen cell was many orders of magnitude higher than the 
equilibrium ·values for the formation of silica. In these systems these 
high oxygen partial pressures not only did not produce oxygen related defects, 
i.e., silica inclusions, but were required to prevent or inhibit the formation 
of carbon related def~cts. It therefore appears that in systems where carbon 
approaches saturation in molten silicon, an excess of oxygen in the gas eniron-
ment is desirable. Ideally, a bal ance between the p02 and the carbon in the 
molten silicon should be maintained to minimize both the carbon and the oxygen 
related defects in the crystalline silicon. 
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